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[57] ABSTRACT

A diamond film 1s grown on a substrate by providing a
non-diamond substrate which has a face-centered cubic
(fcc) crystal structure and small crystal lattice mismatch
with the lattice of diamond, implanting carbon atoms
Into the crystal lattice of the substrate and causing the
implanted carbon atoms to diffuse out of the substrate
and grow epitaxially on the surface of the substrate. The
preferred substrate i1s an fcc metal such as copper,
nickel, fcc iron, fcc cobalt or fcc chromium.

8 Claims, No Drawings
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1
DIAMOND GROWTH

BACKGROUND OF THE INVENTION

This mvention relates to diamond growth.

It 1s now well established that metastable diamond
growth may be generated by a variety of plasma-
assisted chemical vapour deposition techniques. How-
ever, what has not yet been accomplished and is sorely
needed 1n electronic applications, is the growth of large
area single crystalline diamond wafers. The road to this
objective is via epitaxial growth on a suitable substrate
material. Epitaxial growth of diamond on to diamond
has been achieved. However, the substrate area of a
diamond cannot be made large because of its cost and
availability and it is difficult to remove diamond over-
growth from the diamond substrate.

SUMMARY OF THE INVENTION

According to the present invention, there is provided
a method of producing diamond or a diamond-like layer
including the steps of providing a non-diamond sub-
strate which has a face-centred cubic (fcc) crystal struc-
ture and small crystal lattice mismatch with the lattice
of diamond, inserting carbon atoms into the crystal
lattice of the substrate by means of ion implantation and
causing the implanted carbon atoms to diffuse out of the
substrate and grow epitaxially on a surface of the sub-
strate.

DESCRIPTION OF EMBODIMENTS OF THE
INVENTION |

The mismatch between the crystal lattice of the sub-
strate and that of diamond must be sufficiently close to
allow epitaxial growth to take place. Epitaxial growth
occurs when the crystal being grown takes on the crys-
tal lattice or structure of the substrate on which it is
grown.

The substrate is preferably an fcc metal such as cop-
per, nickel, fcc iron, fcc cobalt or fcc chromium. The

crystal lattice of all these metals is close to that of

diamond. Nickel and copper are the preferred metals.
The 1mplantation of the carbon atoms will take place
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by ion implantation methods known in the art and will 45

result in carbon atoms penetrating the crystal lattice of

the substrate. The carbon atoms implanted into the
substrate crystal will not be “frozen” in but will, at a
suitable temperature, diffuse out of the lattice to a sur-
face where epitaxial growth will occur. Obviously the
conditions of implantation should be such as to prevent
any internal metal carbide or other solid solution being
formed.

Diffusion of the carbon atoms out of the crystal lat-
tice of the substrate will only take place if the substrate
IS at an elevated temperature. The temperature at which
this occurs will vary from substrate to substrate but will
be at least 100° C. In the case of nickel a typical temper-
ature range i1s 150 ° C. to 400° C. At temperature in
excess of 400° C. the nisk of carbide formation increases.
In the case of copper, higher temperatures can be em-
ployed. Generally the temperature will not exceed the
melting temperature of the substrate or the temperature
at which there is degradation of the diamond layer
being produced. The latter depends on the quality of the

vacuum obtained in the ion implanter’s end station and
would typically be around 1000° C. for a vacuum of

1 X 10—° torr.

2

The ion implantation may take place at a variety of
1on energies and doses. The higher the ion energy the
deeper will be the penetration of the ion. The higher the
dose the thicker the diamond film which can be pro-
duced. By way of example, ion energies may be in the
KeV or MeV ranges and typical doses will be of the
order of 10!8 ions/cm? for KeV energies.

The substrate can be produced having a relatively
large surface and it is thus possible to produce large
diamond layers or films thereon. The diamond layer or
film may easily be removed from the substrate, particu-
larly if that substrate is a metal in which case removal
can be achieved by digestion in a suitable acid.

The method of the invention may be used to grow a
thin epitaxial diamond film on a substrate. Thereafter,
known plasma or other chemical vapour deposition
methods may be used to increase the diamond growth
on the already-formed diamond film. Examples of
chemical vapour deposition methods are described in
U.S. Pat. Nos.4,434,188, 4,734,339 and 4,707,384 and EP
327051, the disclosures of which are incorporated
herein by reference.

The invention will now be 1llustrated by the follow-
Ing example. A suitable nickel substrate is implanted
with carbon ions while it is maintained at a temperature
at which the carbon atoms introduced in this manner
can diffuse. They diffuse towards, and segregate out at
a nearby surface where they will add on to the surface
using the nickel crystal structure as a template to form
a diamond layer.

In a first experiment, a pure thin nickel disc was
washed in a soapy solution followed by ultrasonic
cleaning in acetone. It was then masked with a round
hole, placed in an ion implanter, heated to a surface
temperature of about 80° C. and implanted with C+ ions
to a dose of 1 X 1018 ions/cm?. After switching on the

ion beam, the surface temperature rose and stabilised at

about 200" C. for most of the implantation. The implan-
tation energy used was 120 KeV. After implantation,
the implanted surface was covered with a greyish, shiny
overiayer. The nickel plate was then placed in hot aqua
regia which 1mmediately attacked the surrounding
nickel, but only formed bubbles on the implanted re-
gion. Etching proceeded very fast at the edges of the
implanted area and after a while etched right through

~ the nickel plate, leaving a round hole in it after the
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implanted round disc had separated from the original,
bigger substrate. The acid then started to penetrate
underneath the overlayer breaking it up into smaller
pieces which floated to the top of the aqua regia (Dur-
ing the whole process, the overgrowth itself did not
dissolve in the acid). Some of the larger pieces which
floated were picked up on a microscope slide and re-
floated on the surface of distilled water from where
they were lifted on to transmission electron microscope
grids.

The transmission electron microscope showed up a
fairly thick layer which displayed **amorphous” rings in
the diffraction mode—as found for a finely grained
material. An EDAX-scan did not show any nickel, but
only traces of chiorine which could have been depos-
ited by the aqua regia. Unfortunately EDAX cannot
detect carbon atoms. However, owing to the face that
only carbon and nickel could be present in large quanti-
ties, the absence of nickel indicates that the overgrowth
could only have been carbon and in a form which is
chemically inert even when submerged in hot aqua
regia. Being finely grained, the layer could, at worst,
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have been diamond-like. However, within the experi-
mental error of the broad rings, correlation with the
diffraction pattern of diamond could be found. Pieces of
this layer were then heated in a solution of nitric, per-
chloric and sulfphuric acids which is known to dissoive
graphite and amorphous carbon layers. They did not
dissolve proving to be inert to this acid, as is diamond.

In a follow-up experiment a nickel disc was annealed
to increase the grains in it, and afterwards etched in a
50/50 solution of HF and HNO3 to show up these
grains. The previous implantation was repeated but
with the nickel surface pre-heated and maintained at a
temperature of 400° C. During the etching stage in aqua
regia, a very large piece of the overlayer came off in
which the pattern of the underlying nickel grains could
be seen. For certain grains the film showed a dark, grey
colour, while it was highly transparent for other grains.
Near the (110) and (111) directions the grains caused the
highest transparency. The transmission electron micro-
scope again showed a thick layer displaying diffraction
rings which, however, were better defined than in the
first experiment. In the transparent grains, diffraction
spots were also observed together with the rings, show-
iIng that some crystalline order existed. EDAX again
confirmed the absence of any nickel. The important
observation in this experiment is that the crystallo-
graphic orientation of the nickel surface is playing a
role, L.e. epitaxial processes are coming into play. The
lattice spacing deduced from the diffraction spots corre-
lated to that of diamond. Similar layers can be grown on
copper at even higher temperatures than used for the
nickel substrates, as copper does not form a carbide or
any thermodynamically stable solution with carbon.

There are different ways in which the results ob-
tained can be improved in order to obtain more perfect
epitaxial, single crystalline diamond layers. Firstly, the
ion doses used initially were chosen very high in order
to generate thick films, which would be easy to handle.
By reducing the ion doses to a low enough value (before
- the maximum vacancy density in the growing layer has
been reached), a much thinner, but more perfect over-
growth can be obtained. In this regard it should be
noted that a few monolayers of diamond should be
enough to ensure further epitaxial growth when subse-
quently applying a plasma-CVD method. A monolayer
of diamond contains in the order of 3 X 1015 atoms/cm?2,
which is not a very high ion does to implant.

Another method is to use thin nickel or copper crys-
tals and to implant them through the back surface using
very high energy carbon ions, i.e. in the MeV range,
such that the carbon atoms end up near the front surface
(which in this case is now not being bombarded) to
which they can diffuse and add on epitaxially. The front
and back surfaces will be spaced apart by a distance of
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less than 10 microns. High energy, high dose rate im-
planters have been developed to implant oxygen into
stlicon with the purpose of creating buried SiO;-layers
without damaging the intervening crystal layer. Such
an implanter may be used to grow diamond layers at a
fast rate using this technique. The higher the implanta-
tion energy of an ion, the less radiation damage the ions
deposit near the surface they penetrate. Such an im-
planter would thus also be suitable to grow thick
diamond layers by implantation through the growing
layer as described above.

The orientation of the surface used for growing is of
importance. Certain orientations are better suited for
epitaxial interaction than others. Surfaces, e.g. the (111)
or (110) planes, which cause channelling of the ions
through the layer being grown bestow a distinct advan-
tage by reducing the radiation damage in that layer.

I claim:

1. A method of producing a diamond or diamond-like
layer includes the steps of providing a non-diamond
substrate which has a face-centred cubic (fcc) crystal
structure and smail crystal mismatch with the lattice of
diamond, inserting carbon atoms into the crystal lattice
of the substrate by means of ion implantation and caus-
ing the implanted carbon atoms to diffuse out of the
substrate and grow epitaxially on a surface of the sub-
strate. |

2. A method according to claim 1 wherein the sub-
strate 1s an fcc metal.

3. A method according to claim 2 wherein the fcc
metal 1s selected from the group of copper, nickel, fcc
iron, fcc cobalt and fcc chromium.

4. A method according to claim 1 wherein the sub-
strate is at an elevated temperature which allows the
implanted carbon atoms to diffuse out of the substrate.

5. A method according to claim 4 wherein the tem-
perature of the substrate is at least 100° C.

6. A method according to claim 1 wherein the surface
of the substrate through which the implantation of the
carbon atoms takes place is such as to cause channelling
of the ions through the layer being produced thereby
reducing radiation damage to this layer. |

7. A method according to claim 1 wherein the sub-
strate has a back surface and a front surface spaced
apart by a distance of less than 10 microns and the atoms
are implanted into the substrate through the back sur-
face using high energy carbon ions in the MeV range
and diffuse out of the substrate and grow epitaxially on
the front surface of the substrate.

8. A method according to claim 1 wherein the sub-
strate 1s removed from the diamond or diamond-like

layer.
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